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ABSTRACT

This report summarizes a three-year project to characterize and improve the ride quality of the
Department of Energy (DOE) tractor/trailer. A high-fidelity computer model was used to simulate
the vibrational response in the passenger compartment of the truck due to a common roadway
environment. It is the intensity of this response that is indicative of the ride quality of the vehicle.
The computational model was then validated with experimental tests using a novel technique
employing both lab-based modal tests and modal data derived using the Natural Excitation
Technique (NExT). The validated model proved invaluable as a design tool. Utilizing the model in
a predictive manner, modifications to improve ride quality were made to both the existing vehicle
and the next-generation design concept. As a result, the next-generation fleet of tractors
(procurement process begins in FY98) will incorporate elements of a successful model-based
design for improved truck ride.
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Nomenclature

c viscous damping coefficient

g acceleration of gravity

k stiffness coefficient

rms root mean square

DOE Department of Energy

FRF Frequency Response Function

insertion loss function

MAC Modal Assurance Criterion

MIF Modal Indicator Function

NExT Natural Excitation Technique

RSI Ride Severity Index

Power Spectral Density (PSD) function

SST Safe Secure Trailer

, Eigenvector from analysis (a) and test (t)

matrix transpose

expected value operator

L f( )

S f( )

φa φt

( )T

E[ ]
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Introduction

Designing tractor/trailer style trucks that exhibit good ride characteristics has been a challen
automotive engineers for decades [4,5]. Historical methods to improve cab-ride quality hav
included: altering the frame bending stiffness, introducing softer primary suspensions, and
improving tire stability and driver seats [2]. The idea of a cab suspension system was first
employed in heavy truck design more than two decades ago and consisted of an independ
spring assembly placed at each of the four corners of the cab [3]. Since then, the design of
typical cab suspension system has evolved into a fixed-front pivot combined with a spring/da
rear mount. It is this configuration that is commonly seen on the road today and will be ana
for use with the Department of Energy (DOE) Transportation Safeguards Division (TSD) tra

The DOE is committed to researching ideas for improved heavy truck ride, because a smooth
is less fatiguing to the operators and, hence, safer to everyone on the road. Previous work
by Sandia internal DP R&D funds in this area (see Appendix) demonstrated that the addition
cab isolation system may provide considerable ride improvements to DOE’s existing fleet o
tractors, as well as be a key ingredient for the next-generation of DOE vehicles to be purch
starting in late FY98.

The purpose of this report is to summarize all “lessons learned” about heavy truck modelin
design for ride quality over the three-year history of this project. At the beginning of the pro
some DOE couriers complained of fatigue experienced during a mission, due to the fact that
difficult to sleep in the bunk. This project was initiated to identify the cause of this and preve
from propagating into future designs. The ingredients necessary for improved ride quality w
discovered through continued use of a computational model. Results were passed on to th
generation tractor design team. This report summarizes those ingredients and will show ho
validated model was an essential part of the preliminary design of the next-generation trac

Computational Model Development

Figure 1 illustrates a schematic of the current DOE tractor, including some of the terminolo
commonly used in the heavy truck community. The driver is located in the cab, and any off
personnel lie on the bunk in the sleeper compartment. The vehicle is currently configured i
separate cab / sleeper arrangement, meaning that there is no structural member connecting
and sleeper compartments.

The MSC/NASTRAN computational model of the DOE tractor is shown in Fig. 2. A two-axl
trailer connected to the tractor at the fifth wheel is also modeled, representing the Safe Sec
Trailer (SST) used by DOE to transfer defense cargo. Novel system identification approaches
used to validate this model, employing both lab-based modal tests and modal data derived
the Natural Excitation Technique (NExT) [6], a scheme that utilizes the roadway surface as
natural forcing function. Please see the Appendix for a detailed description of the computa
model development and validation process.

Throughout the project, experimental testing proved an essential element in creating a valid m
of the vehicle. Private vendors that supplied DOE with hardware on the tractor (suspension
systems, tires, bushings, etc.) were unable or unwilling to provide information on how to prop
Page 1



Figure 1: The Department of Energy tractor.
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Figure 2: Computational model of the Department of Energy tractor.
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model their product. As a result, the huge uncertainty in predicted response would have re
the model useless without experimental validation testing.

Utilizing the “lessons learned” from modeling the existing vehicle, a computational model w
constructed of the next-generation design, as shown in Fig. 3. Note that when constructing th
model, the original model was used as the starting point, with most major modifications list
Table 1. Because of the numerous validation efforts performed on the original model, one c
confident of the predictive capabilities of this new next-generation vehicle model.

Ride Quality Predictions for Next-Generation Design

To predict ride quality, excitation from a simulated road surface is supplied as input to the
computational model. This is formulated as a random vibration problem, and it is the sever
vibration at key locations on the vehicle that is of interest.

The ride severity index (RSI), a weighted measure of the power of the output response, is indi
of the ride quality at a particular point

, (EQ 1)

Y

Z

Y
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Bunk

Drive axles

Steer axle
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Figure 3: Computational model of the next-generation tractor design.

Finite element mesh not
shown for clarity
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where  is the output power spectral density function and  denotes the frequ
band of interest. Note that the RSI is a scalar quantity that is simply a weighted sum of the o
PSD. The insertion loss factor, , is a quantity indicative of the human body’s sensitivity
vibration and is applied as a filter to the output response. The higher the loss factor, the mo
sensitive the human is to the excitation [1]. For a detailed discussion of the specifics on calcu
the RSI, refer to the Appendix.

One simulated output PSD is shown in Fig. 4, where the solid and dashed lines represent t
response of the current design and next-generation design, respectively. The dotted lines in
the frequencies at which symmetric structural modes occur. Peaks in the PSD response in
that a particular mode was excited by the road surface input. Note the peak introduced aroun
Hz. This is due to excitation of the mode created with the addition of the cab isolation system
definition, the isolation system isolates the cab from the tractor frame above its resonant frequ
Here, this leads to a significant reduction of the response of the original vehicle near 3Hz. With
this in mind, one would expect a significant improvement in ride quality moving from the origi
to the next-generation vehicle.

The ride severity was analytically calculated for both the current vehicle and the next-gene
design. These predictions, along with experimental measurements of the RSI for the curren
vehicle, are shown in Table 2. First, note that there is good agreement between the analyti
predictions and experimental measurements of ride quality for the current vehicle. The ride
little less severe at the bunk than at the driver seat. Second, the numbers illustrate that the
generation design will likely exhibit superior ride quality at the driver seat. This can be attribu
to three things: (1) the addition of the cab isolation system, (2) the cab weight decreased by n
40%, and (3) the old steel leaf spring suspension at the steer axle has been replaced with 
composite spring assembly that exhibits nearly 80% lower spring rate.

There is no doubt that adding an isolation system under the cab will improve ride quality, b
previous studies in this area met with limited success. Previously, stiff air springs in the iso
system were required to support the static load of the much heavier cab, placing its resona
frequency too high and thereby limiting its ability to “isolate” the cab from the other modes of

Table 1: Parameters from original model and next-generation model

Parameter Original vehicle Next-generation vehicle

cab mass 4968lb 3012lb

cab front mount
stiffness

50kip/in (vertical)
20kip/in (radial)

29kip/in (vertical)
6 kip/in (radial)

cab isolation system N/A 200lb/in (x 2)

steer axle stiffness 7067lb/in (each axle end) 1500lb/in (each axle end)

steer axle location 25.75in aft of cm #1 36in aft of cm #1

wheelbase 231in 224 in

S f( ) f f 1 f 2[ , ]∈

L f( )
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vehicle. The reduced weight in the next-generation design allows for softer springs which c
further separate the cab isolation modes from the vehicle modes, allowing it to “isolate” the c
its full potential.

It is important to note that the computational model of the next-generation vehicle has not b
correlated with experimental data. There has been, however, an extensive effort to validate
model of the current vehicle, which proved quite successful (see Appendix). Because this n
model contains, in most instances, only slight modifications from the original validated model
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Figure 4: PSD response at driver seat for the current design
and next-generation design.

Current design

Next-generation design

Table 2: Ride Severity for current vehicle and next-generation design

RSI at driver seat (mg rms) RSI at bunk (mg rms)

Current vehicle
(experimental)

59.32 50.99

Current vehicle
(analytical)

61.16 52.56

Next-generation vehicle
(analytical)

45.08 *
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can place a high degree of confidence in its predictive capabilities. Nevertheless, the model
next-generation vehicle will be validated with experimental data when it becomes available

One inadequacy of the model must be addressed at this time. In all cases, the cab was repre
as a rigid body. While this may be adequate when modeling the current vehicle, the flexibil
the much longer and more compliant unicab can no longer be ignored when modeling the n
generation design. Therefore, missing from Table 2 is the RSI for the new design at the bu
because it is expected that the response at the bunk will largely be effected by the flexing o
cab. This inadequacy of the model will be addressed in the future, if funding allows.

Summary and Conclusions

A computer model of the DOE tractor/trailer has been validated using a combination of moda
road test data. The computer model proved useful in explaining many complex features of 
truck dynamics and proved to be an invaluable tool when considering the design of the nex
generation tractor. With this tool, an un-validated computational model of the next-generati
vehicle was also constructed and used to perform ride quality predictions. Results show th
can expect superior ride in the new design. Future work will look at validating these predict
with experimental data.
Page 6
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DOE Tractor Trailer Modal Test/Analysis Reconciliation
1. Summary

The preliminary model presented here is the second phase in a combined analytic
experimental effort to investigate possible improvements in the ride quality of the D
armored tractors. The focus herein is to augment the experimental test results, as pre
in [1-2], with the use of a high quality computer model. This report will discuss fin
element modeling of the frame, cab, suspension systems, and other major comp
contributing to the overall dynamics of the vehicle. The techniques employed to upda
model so that it correlates with modal test results will also be presented. Preliminary re
indicate that the predictions from the finite element model agree well with results from
experimental modal tests.

2. Finite Element Model

Figure 2 illustrates the MSC/NASTRAN finite element model of the DOE Armor
Tractor with Safe Secure Trailer (SST).

Figure 2: MSC/NASTRAN model of the DOE Armored Tractor with SST.
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Currently, the cab, sleeper, and SST are modeled as rigid body elements; each
concentrated mass element associated with it located at the center-of-mass, and app
rigid element connections join these point masses to the remainder of the vehicle
particular interface is located at the fifth wheel, where the tractor and SST connect
fifth wheel itself is modeled as a point mass, including the effects of the steel moun
plate that adds significant stiffness to the tractor frame. At the top of the fifth wheel is
king pin, which allows relative rotation in the and directions between the tractor
trailer. Another interface is shown in Fig. 3, where linear springs model the cab and sle
“hard-mounts” to the truck frame. These mounts exhibit stiffness in the three translat
directions, and are situated in a 3-point and 4-point configuration, respectively. The tr
frame and crossmembers are modeled with a large number of QUAD elements that c
the frame elastic modes.

A detailed view of the steer axle suspension system is illustrated in Fig. 4, where the
spring is modeled as a simple linear spring in the vertical direction, and “very stiff” in
remaining five directions. The leaf spring is rigidly connected to both the steer axle an
truck frame. A linear tire model is used here, consisting of two spring elements
represent the effective stiffness in the vertical and lateral directions. Note that this is
since only small displacements are expected in a modal test. There is no fore/aft sti
for the tire because there are no brakes on the steer axle. Lastly, the axle model is a
of NASTRAN BEAM elements.

Figure 5 contains a detailed view of the Neway AD-246 suspension system used on
the front and rear tractor drive axles. Each suspension system utilizes a trailing
modeled as a rigid link, an airbag, modeled as a linear spring in the axial direction only

X Y

Figure 3: Cab and sleeper mount models.

Cab hard mounts

Sleeper mounts
Y

X Z

Frame crossmember

Frame rail
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anti-roll bar, modeled as a series of BEAM elements. The AD-246 also contains two s
absorbers (just in-board of the airbags) that connect the anti roll-bar to the frame c
members. These were not modeled, however, since the experimental modal tests
performed with them disconnected. The tires (each axle contains four) are mo
identical to those on the steer axle, with one exception - an additional spring ca
included to model the combined brake/tire stiffness in the fore/aft direction. This allows
NASTRAN model to simulate the vehicle modal response with and without the bra
applied. As before, the front and rear axles were modeled as a series of BEAM elem

Figure 4: Steer axle suspension model.
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Figure 5: Drive axle suspension model.
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The suspension systems on the SST also utilize leaf springs, but with a much higher
rate. Similarly, modal testing was performed with and without the brakes on the tra
leading to a tire model identical to that on the tractor drive axles.

3. Test/Analysis Correlation

In order to obtain good agreement between a finite element model and modal test re
it is often necessary to change the values of some uncertain parameters in the model
the parameters that were updated in this study are shown in Table 3. The original para
values lead to large errors in the frequencies of the model. In addition, the mode shap
not correlate well, as indicated by poor initial MAC values. These rather la
discrepancies can be attributed to a lack of information needed to provide estimate
initial stiffnesses of the various suspensions and tire/wheel assemblies. Updated par
values were obtained using the in-house code PESTDY (Parameter Estimatio
STructural DYnamics). Six frequencies from the brakes-on test and five frequencies
the brakes-off were used by PESTDY to determine the updated parameter values.

A few comments concerning the results of the test/analysis correlation are in o
Because the correlation was performed using modal test data, the updated parame
associated with small amplitude motions. It is expected that some stiffnesses, such as
of the leaf springs, would be reduced in over-the-road environments where stiction e
are overcome. Efforts are currently underway to obtain stiffness and damping estim
directly from the transient response of driving the vehicle over a prescribed bump. Fin
it is noted that there remains some uncertainty as to the specific values of the tire ve
and suspension stiffnesses because these stiffness elements act together in series.

4. Results

Comparisons of analysis and test results for the brakes-on and brakes-off modal te
shown in Tables 4 and 5, respectively. In addition to comparing the modal frequencie
final column in the tables includes the Modal Assurance Criterion (MAC) values for
mode shapes. The MAC value between test mode shape and analysis mode shap
defined as

Table 3: Parameter changes due to model update

Parameter Original Updated

Tire vertical stiffness 4568 lb/in 11750 lb/in

Tire lateral stiffness 1500 lb/in 2080 lb/in

Tire fore-aft stiffness 2015 lb/in 2580 lb/in

Tractor leaf spring stiffness 2050 lb/in 8340 lb/in

Airbag stiffness 2100 lb/in 1040 lb/in

Trailer leaf spring stiffness 14000 lb/in 16350 lb/in

φt φa
Page 12



October 22, 1996

good
re nearly
icular

n good
of the
er, six

used
cts the
d 5)
 (2)

MAC values are bounded between zero and unity. Values close to unity indicate
agreement between the test and analysis mode shapes. That is, the mode shapes a
parallel. MAC values close to zero indicate that the mode shapes are nearly perpend
and not in good agreement.

It is evident from Tables 4 and 5 that the analysis frequencies and mode shapes are i
agreement with both the brakes-on and brakes-off modal tests. Visual comparisons
analysis and test mode shapes are given in Figures 6-18. As was mentioned earli
frequencies from the brakes-on test and five frequencies from the brakes-off test were
to update parameter values. It is reassuring that the updated model accurately predi
roll/twist #2 modal frequencies in both configurations (see final rows of Tables 4 an
even though these frequencies were not used in the test/analysis correlation.

Table 4: Test/Analysis comparison for brakes on.

Mode
Description

Test Frequency
(Hz)

Analysis
Frequency (Hz)

Percent Error MAC

roll/twist #1 1.10 1.08 -1.8 0.985

bounce 1.76 1.79 1.7 0.812

fore-aft 2.58 2.56 -0.8 0.786

pitch 3.40 3.32 -2.4 0.952

counter pitch 4.26 4.26 0 0.752

bending 6.28 6.17 -1.8 0.838

roll/twist #2 1.84 1.85 0.5 not available

Table 5: Test/Analysis comparison for brakes off.

Mode
Description

Test Frequency
(Hz)

Analysis
Frequency (Hz)

Percent Error MAC

roll/twist #1 1.09 1.08 -0.9 0.980

bounce 2.04 2.01 -1.5 0.867

pitch 3.19 3.22 0.9 0.939

counter pitch 4.16 4.12 -1.0 0.835

MAC φt φa,( )
φt φa•( )2

φt φt•( ) φa φa•( )
------------------------------------------=
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bending 5.96 6.06 1.7 0.830

roll/twist #2 1.76 1.76 0 not available

Table 5: Test/Analysis comparison for brakes off.

Mode
Description

Test Frequency
(Hz)

Analysis
Frequency (Hz)

Percent Error MAC
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Figure 6: Roll/twist mode #1 (brakes on), experimental, (a), and an
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October 22, 1996
Figure 7: Bounce mode (brakes on), experimental, (a), and analytical, (b).

a( )

b( )

Figure 8: Fore-aft mode (brakes on), experimental, (a), and analytical, (b).

a( )

b( )
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Figure 9: Pitch mode (brakes on), experimental, (a), and analytical, (b).

a( )

b( )

Figure 10: Counter-pitch mode (brakes on), experimental, (a), and analytical, (b).

a( )

b( )
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).
Figure 11: Frame bending mode (brakes on), experimental, (a), and analytical, (b

a( )

b( )

Figure 12: Roll/twist mode #2 (brakes on), experimental, (a), and analytical, (b).

a( )

b( )
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Figure 13: Roll/twist mode #1 (brakes off), experimental, (a), and an
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Figure 14: Bounce mode (brakes off), experimental, (a), and analytical, (b).

a( )

b( )

Figure 15: Pitch mode (brakes off), experimental, (a), and analytical, (b).

a( )

b( )
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.

Figure 16: Counter-pitch mode (brakes off), experimental, (a), and analytical, (b).

a( )

b( )

Figure 17: Frame bending mode (brakes off), experimental, (a), and analytical, (b)

a( )

b( )
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5. Conclusions

The preliminary dynamic model of the DOE armored tractor with SST trailer correla
well with the characteristics seen during the experimental modal tests. As the mod
refined, it is clear that it will be an integral tool in determining the design of the ne
generation armored tractor. Any possible benefits to be gained from the use of ava
passive cab vibration suppression methods will be researched. In addition, the com
model can be used to examine any improvements utilizing active vibration con
techniques.
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Figure 18: Roll/twist mode #2 (brakes off), experimental, (a), and analytical, (b).
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DOE Tractor Trailer Rough Road Simulation
1. Summary

Frequency response and power spectral density analyses can be utilized to ass
vibratory response of automotive vehicles. This report contains preliminary results
such a study that simulates the DOE Armored Tractor with Safe Secure Trailer drivin
55 m.p.h.over a “rough road”. Some theoretical concepts are presented, and anal
results using the MSC/NASTRAN finite element program are discussed. Special emp
is given to the issue of random loading and the cross-spectral density matrix that sim
the road input to an 18-wheel vehicle.

2. Finite Element Model

Figure 19 illustrates the MSC/NASTRAN 46,000 degree-of-freedom finite element m
of the DOE Armored Tractor with Safe Secure Trailer (SST). For a detailed discussio
this model, see [11].

Figure 19: MSC/NASTRAN model of the DOE Armored Tractor with SST.
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3. Input Spectrum Description

Most road surfaces have irregularities that are best described as random process
many can be accurately represented under an additional assumption of stationarity [
is therefore relevant to study the vehicle response due to a stationary random “rough
input at several key locations of the truck.

To apply this input PSD, knowledge of the cross-spectral density matrix of input forc
required. Assuming the vehicle is following a straight, constant speed trajectory, let
and represent the amplitude seen by the left and right tires, respectively, due
excitation of the road. For the studies presented here, it is assumed that the left and
tires experience the same road surface, but the two are not perfectly correlated. Def

, (EQ 3)

, (EQ 4)

, (EQ 5)

where is the expectation operator, and are the autocorrela
functions, and is the crosscorrelation function representing the interaction bet
the left and right sides of the vehicle.

The schematic shown in Fig. 20. illustrates the 10 locations in which the “rough road”
excite the vehicle, assuming the dual wheel locations at stations 3 through 10 act tog
The complete input power spectra is therefore characterized by a ten-by-ten matrix, w
the elements of this matrix involve the Fourier transforms of Eqs. (3)-(5). Specifically,
two-by-two blocks on the diagonal of this matrix are of the form

, (EQ 6)

where is the effective stiffness at the particular station of interest (i.e., the collective
vertical tire stiffness), and , , and are the Fourier transforms of E
(3)-(5). Note that by scaling Eq. (6) by the stiffness terms, the input is now aforcepower
spectral density [10].

W1
W2

φ11 τ( ) E W1 τ( )W1 t τ+( )[ ]=

φ22 τ( ) E W2 τ( )W2 t τ+( )[ ]=

φ12 τ( ) E W1 τ( )W2 t τ+( )[ ]=

E .[ ] φ11 τ( ) φ22 τ( )
φ12 τ( )
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3 5

2
4 6 108

7 9

Figure 20: Input stations for the DOE Armored Tractor with SST.
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The remaining terms involve various degrees of correlation between the different a
Since the vehicle is at a constant speed, this can be accomplished by delaying the in
the tractor front drive axle, as well as those behind it, as illustrated in Fig. 21.

To apply this in the frequency domain, recall the Time-Shifting Property of the Fou
transform

If , then (EQ 7)

Therefore, for example, it is evident that to describe the crosscorrelation function for
axle and front drive axle input force, the corresponding terms in the matrix must rese

, (EQ 8)

where and are the effective stiffnesses at the steer axle and drive
respectively, and .

The full force input power spectral density matrix, , is given by

Figure 21: Input time delays for the DOE Armored Tractor with SST.
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where , , , , ,

, , , . (EQ 9)

This assumes that the vertical tire stiffness of each tire is identical and equal to . P
note that the -dependency of the ‘s in Eq. (9) is implied.

It has been found that terrain roughness can be represented in the frequency dom
power spectral density functions of the form

, (EQ 10)

where is the spatial frequency, in units ofcycles/length, and and are constants. A
discussed in [9] and [13], is typical. Therefore, for a vehicle traveling at a cons
speed of , the power spectral density that describes the input displacement seen
road surface can be given by

, (EQ 11)

where is now the temporal frequency, in units ofcycles/sec. In addition, plots of vs.
are presented in [9] for several road surface types. Assuming a “rough road” te

in-cycles.

Figure 22 illustrates , , and vs. frequency, where plot (a) is direc
from Eq. (11) for . To estimate the correlation of the terrain between the
and right tire tracks of the vehicle, consider the coherency function

, (EQ 12)

where . Typically, as discussed in [16], is near unity at lo
frequencies (i.e., high correlation for hills or dips in the road surface), and much lower
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the higher frequencies (i.e., low correlation for cracks in the pavement, potholes, etc
Utilizing this assumption, Eq. (12) can be used to determine , as illustrated in
22(b).

4. Results

To complete the rough road analysis, the input force PSD matrix of Eq. (9) was appli
the finite element model of the DOE Armored Tractor with SST. Experimental mo
damping values from [14] and [15] were used in this model. This is most likely insuffic
for on-road applications, however, since damping in the suspension systems and tire
be greater when the vehicle response is no longer constrained to the small displacem
a modal test. In addition, the shock absorbers at the steer and drive axles are not in
in these calculations because the dynamic characteristics of the shocks remain unkn
this time.

The root-mean-square (RMS) values of the response at several locations on the vehicle
listed in Table 1. Note that the highest response levels are recorded at the axles (i.e., the
input locations), and the presence of the frame and cab/sleeper mounts help to dimin
vibrational response at the driver’s seat, sleeper bunk, and fifth wheel.

Plots of the output power spectra at these same points of interest are shown in Fi
through 31. The response of the cab and sleeper, indicative of the vibrational loadin
by the driver and sleeper bunk occupant, is illustrated in Figs. 23 through 28. W
considering the vehicle’s response in the vertical ( ) direction, the pitch mode, occu
at , dominates the response of the cab, while the sleeper is most susce
to the counter-pitch mode at . In the fore/aft ( ) direction, the counter-pi
mode is the dominant dynamic mode for both the cab and sleeper, neglecting inform
above , where the finite element model remains un-correlated with any test
[11]. Furthermore, it is evident that the tractor cab and sleeper are most susceptible
pitch and counter-pitch modes, which occur in a frequency range that is most irritating
debilitating to the human body [17]. Note the presence of a very low frequency modei.e.,

φ12 f( )
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Figure 22: Input autopower and crosspower spectral density functions.
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) in the fore/aft response plots. This is due to the rigid-body motion of
entire vehicle rolling front and back on the tires.

Also shown is the response of the fifth wheel (the connection point between the tracto
trailer). It is evident that the response in the vertical direction is more pronounced th
the fore/aft direction, since the excitation from the road surface is up-and-down only
illustrated in Figs. 29 and 30, the fifth wheel is most excited by the bounce (
and counter-pitch ( ) modes.

Figures 31 and 32 represent the vibrational response of the vehicle at the steer axle,
all six of the vehicle modes discussed in [11] are visible in the response spectrum.
present is a high frequency mode in the vertical direction (near ), which
be attributed to the steer axle “hop” mode described in [13]. Overall, note the c
resemblance between the displacement response with the input PSD, shown in Fig. 2
is to be expected since the steer axle is one of the input locations. Furthermore
acceleration response PSD of Fig. 31 appears to resemble two time-differentiations
displacement input of Fig. 22. This trend of increasing magnitude with increa
frequency causes the largeRMS values at the steer axle presented in Table 1.

The Ride Severity Index (RSI), discussed in [12], is given by

, (EQ 13)

where is the output power spectral density function and denotes
frequency band of interest. As shown, the RSI is a scalar quantity that is just a weig
sum of the output PSD. The insertion loss factor, , is a quantity indicative of the hu
body’s sensitivity to low frequency vibration. The higher the loss factor, the more sens
the human is to the excitation [17]. is greatest from one to twoHz in the fore/aft
direction (normal to the driver’s chest) and from four to eightHz in the vertical direction

Location -disp, -accel, -disp, -accel,

C.G. of cab 0.01578 18.53 0.04338 34.81

C.G. of sleeper 0.01526 46.29 0.04305 22.47

Steer axle 0.01194 16.14 0.04140 406.9

Front drive
axle

0.01366 42.69 0.03764 160.6

Fifth wheel 0.01264 6.712 0.04591 13.68

Table 1: Root-mean-square (RMS) response of vehicle.

Z in-rms Z mg-rms Y in-rms Y mg-rms
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(along his/her spine). As part of this study, the RSI for the DOE Armored Tractor with S
was computed at the c.g. of the cab and sleeper. Results are listed in Table 2.

Note that the ride is more severe in the sleeper, even though the PSD plots to follow ind
that the vibrational environment of the sleeper is less than that of the cab. The reas
this is the different orientations of the human body; seated upright in the cab, and la
down in the sleeper (see [12] for a more detailed discussion).

Location RSI,

Cab c.g. 20.42

Sleeper c.g. 23.53

Table 2: Ride severity index for DOE truck.

mg-rms
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Figure 23: Vertical PSD acceleration response of cab and sleeper.
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Figure 24: Close-up of cab and sleeper vertical response.
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Figure 25: Fore/aft PSD acceleration response of cab and sleeper.
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Figure 26: Close-up of cab and sleeper fore/aft response.
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Figure 27: Vertical PSD displacement response of cab and sleeper.
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Figure 28: Fore/aft PSD displacement response of cab and sleeper.
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Figure 29: PSD acceleration response of fifth wheel.
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Figure 30: PSD displacement response of fifth wheel.
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Figure 31: PSD acceleration response of steer axle.
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Figure 32: PSD displacement response of steer axle.
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5. Conclusions

The vibratory response of the DOE Armored Tractor with Safe Secure Trailer trave
over a rough road at 55m.p.h.has been presented. The preliminary results presented
agree with general trends seen in experimental rough road testing. Before more p
vibrational response data of this type can be extracted from the model, howeve
improved description of the damping in the vehicle suspension systems, tires, and
absorbers is required. This may be accomplished through the use of time-domain m
reconciliation techniques.

It is evident that the tractor cab and sleeper are most susceptible to the pitch and co
pitch modes, which occur in a frequency range that is most irritating and debilitating to
human body. It may be possible to diminish the amount of vibrational loading transm
from the road surface to the passenger compartments by modifying the existing inte
from the truck frame to the cab and sleeper. Therefore, to make possible improveme
ride quality for the next-generation vehicle, the concept of a cab suspension system s
be investigated.
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Optimal Cab Suspension for Next-Generation Armored Tractor
1. Summary

The design of a next-generation DOE Armored Tractor is to be completed in the nex
years. This new vehicle will most likely exhibit significant modifications from the curre
design. One such change may be the addition of a tractor cab suspension system, s
the Cab-Mate™ system manufactured by Link, Inc., to improve the vibrational respon
the truck at the driver seat. This report contains a description of the finite element mod
the next-generation tractor, which includes an integrated cab/sleeper with an optimize
suspension system. This cab suspension system is optimal in the sense that it provid
maximum protection to the driver from vibration due to road surface input.

2. Finite Element Model

Figure 33 illustrates the MSC/NASTRAN 46,000 degree-of-freedom finite element m
of the next-generation DOE Armored Tractor with Safe Secure Trailer (SST).

Figure 33: MSC/NASTRAN model of the next-
generation DOE Armored Tractor with SST.

Integrated Cab

SST

Y

X Z
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Most of the finite element model presented here is identical to the model of the cu
vehicle [19]. The integrated cab and SST are still modeled as rigid elements, bu
geometry of the cab structure is taken from modal test results performed on the Ma
vehicle. In addition, the mass properties of the integrated cab used in the model pres
here are a combination of the current armored cab/sleeper arrangement. The result is
guess” at the dynamic qualities of an armored integrated cab system. Table 3 prese
analytical modal data of this new model.

Table 3: Modal results for next-generation vehicle.

Mode Description Brakes-on Frequency ( ) Brakes-off Frequency ( )

cab suspension 1.34 1.34

roll/twist #1 1.10 1.10

roll/twist #2 1.47 1.47

bounce 1.82 2.12

fore/aft 2.62 0.231

pitch 3.43 3.32

counter pitch 4.30 4.13

frame bending 7.01 6.85

Hz Hz

Figure 34: Cab-mate suspension mode with brakes on, (a), and brakes off, (b).

a( )

b( )
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Figure 35: Roll/twist mode #1 with brakes on, (a), and with brake

a( ) b( )
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Figure 36: Roll/twist mode #2 with brakes on, (a) and brakes off, (b).

a( )

b( )

Figure 37: Bounce mode with brakes on, (a), and brakes off, (b).

a( )

b( )
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Figure 38: Pitch mode with brakes on, (a), and brakes off, (b).

a( )

b( )

Figure 39: Counter pitch mode with brakes on, (a), and brakes off, (b).

a( )

b( )
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Figure 40: Frame bending mode with brakes on, (a), and brakes off, (b).

a( )

b( )

Figure 41: Fore-aft mode with brakes on, (a), and brakes off, (b).

a( )

b( )
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A cab suspension, such as the Link, Inc. Cab-Mate™ system shown in Fig. 42, is inc
in this model. For the purposes of this study, the suspension is modeled as a simple s
damper system and is placed into the full finite element model, as shown in Fig. 43
modal data of Table 3 include this cab suspension, with stiffness and damping values
to what Link, Inc. would recommend for a vehicle similar to the current DOE tru
Furthermore, the stiffness and damping constants of this system are used as the
variables in the optimization problem to be discussed later. Linear springs in the
translational directions model the cab “hard-mounts” to the truck frame. The remaind
the finite element model, including the suspension systems, tires, and SST are ident
what is discussed in [19].

Figure 42: Link Cab-Mate™ system.

Figure 43: Integrated cab model.

Frame rail
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Cab mounts

Cab suspension
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X Z
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3. Optimal Cab Suspension Design

The cab suspension system, placed between the rear of the integrated cab and truck
can be utilized to improve the ride quality of the vehicle. The ride severity index (RS
weighted measure of the power of the output spectrum, can be used to gaug
improvement. Consider the following relation

, (EQ 14)

where is the output power spectral density function and denotes
frequency band of interest. As shown, the RSI is a scalar quantity that is just a weig
sum of the output PSD. The insertion loss factor, , is a quantity indicative of the hu
body’s sensitivity to vibration. The higher the loss factor, the more sensitive the hum
to the excitation.

changes as the direction of the excitation changes, as shown in Fig. 44. Note th

human coordinate system, , is identical to the global system of Fig. 33 f
seated human (i.e., the driver). The insertion loss factor, normalized to have unity gain o
the frequency range where the loss factor is constant, is given by the following [22]

 and (EQ 15)

Hence, it is obvious that humans are most annoyed by vibrational loading between on
two Hz in the - and -directions, and between four and eightHz in the vertical direction,
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as illustrated in Fig. 45. For the studies included here, only the vibration at the driver

is considered, and the ride severity index is given by

(EQ 16)

The terms involving are scaled by an additional factor of sin
vibration in the fore/aft direction is particularly disturbing to humans [22].

The minimization problem to be solved here can be stated as

, subject to , (EQ 17)

where , , and refer to the stiffness, damping, and location of the cab suspe
system, respectively, and the bounds on the stiffness and damping ensure phy
practical solutions. Because varying the location of the suspension system requir
meshing the finite element model, however, Eq. (17) is solved for a fixed location, .
location is then varied discreetly along the tractor frame to provide a qualitative esti
of the optimal location.
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5. Results

The optimization capabilities of MATLAB [21] are utilized to determine optimal values
the cab suspension system at various locations along the frame. A description o
implementation is included in the Appendix. The results are shown in Table 4, where

the location of the suspension system, referenced to the location of the existing Cab-M
system on the Marmon tractor. Figure 46 illustrates these discrete locations;
current location of the suspension on the Marmon vehicle, and positive and negative v
of are behind and in front of it, respectively. Note that the optimal spring-damper va
are to be applied at both the passenger- and driver-side of the vehicle. Also included
table is an indication of the ride quality of the current DOE vehicle from [20].

Design , , ,

Current cab N/A N/A 20.42

Current sleeper N/A N/A 23.53

 = 0.0  (Link) 245.0 100.0 11.48

 = 0.0 333.4 105.6 11.46

 = -12.0 420.0 125.1 11.07

 = -24.0 287.7 128.0 9.386

 = 12.0 410.5 101.6 11.44

 = 24.0 416.9 95.77 11.35

Table 4: RSI of current vehicle vs. integrated cab with optimal cab suspension syste

k
lb
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---------- RSI mg-rms

z in

z in

z in

z in

z in

z in

z

z 0=

z

Figure 46: Cab suspension locations considered.
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Figure 47: Output PSD response at cab in -direction
of nominal and optimal cab suspension.
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Figure 48: Close-up of response at cab in -direction
of nominal and optimal cab suspension.

Y

Frequency(Hz)

R
e

s
p

o
n

s
e

g2

H
z

----
---







Nominal

Optimal

Cab suspension Bounce Pitch
Page 49



October 17, 1996
0 5 10 15 20 25
10

−11

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

Figure 49: Output PSD response at cab in -direction
of nominal and optimal cab suspension.
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Figure 50: Close-up of response at cab in -direction
of nominal and optimal cab suspension.
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Plots illustrating the possible benefits of an optimized cab suspension are included in
47 through 50 where it is evident that changing the design of the cab suspension on
a significant effect on the response of the cab in the frequency range of 0 to 4Hz. The
optimal RSI occurs when the suspension is pushed 24 inches forward of its present loc
The vertical response of Figs. 47 and 48 illustrate a drastic reduction in the bounc
pitch modes when using the optimal cab suspension. In addition, the vertical mode o
suspension reduces in frequency from to since, as the loca
of the cab suspension moves forward, it is required to carry more of the cab weight. W
considering the fore/aft response of the cab, shown in Figs. 49 and 50, the op
suspension again demonstrates reduction in the power of the bounce and pitch mode
counter-pitch mode, however, is magnified when using the optimal cab suspension sy
This makes sense, though, since the insertion loss factor of Eq. (15) weights this freq
less than that of the bounce or pitch modes.

As a general observation, it appears that the RSI will continue to decrease as the lo
of the cab suspension is moved forward. There are physical limits, obviously, since mo
the suspension forward requires it to support a greater static load due to weight of th
Cab stresses are also an issue and, therefore, the location of the cab suspension ca
chosen to minimize the ride severity index alone.

6. Conclusions

Possible design modifications to the DOE Armored Tractor with Safe Secure Tra
namely the conversion to an integrated-type cab with a cab suspension system, hav
discussed. With the addition of the integrated cab with nominal cab suspension, a
reduction in ride severity can be achieved over the current cab/sleeper configuration,
is hard-mounted to the truck frame (see [20]). Furthermore, once an optimized
suspension is utilized, the RSI can be reduced by an additional 18%.
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Appendix - Implementation

Component mode synthesis techniques were applied in NASTRAN to reduce the s
the model from over 46,000 degrees-of-freedom down to 70. Included in this reduce
are the degrees-of-freedom corresponding to the cab suspension interconnection b
the frame and cab, for a fixed location. The remaining computations are compute
MATLAB.

To begin, solve the undamped eigenproblem,

, (EQ 18)

and specify modal damping

(EQ 19)

Because the damping of the cab suspension is to be applied in physical coordinates, r
Eq. (19) to the physical space

. (EQ 20)

Add the variable stiffness and damping of the cab suspension system

 and , (EQ 21)

and solve for the impedance matrix

. (EQ 22)

The output PSD is then

, (EQ 23)

where the input PSD, , is given in [20] and [18], and the RSI is given by Eq. (14).
steps involving Eqs. (21) through (23) are repeated until a minimum ride severity ind
achieved.
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ABSTRACT. This study presents a combined analytical and
experimental effort to characterize and improve the ride qual-
ity of the Department Of Energy tractor/trailer combination.
The focus is to augment the experimental test results with the
use of a high quality computer model. The discussion
includes an overview of the finite element model of the vehi-
cle and experimental modal test results. System identification
techniques are employed to update the mathematical model.
The validated model is then used to illustrate the benefits of
incorporating two major design changes, namely the switch
from a separate cab/sleeper configuration to an integrated
cab, and the use of a cab suspension system.

NOMENCLATURE

Damping
Unit of acceleration
Stiffness
Root-mean-square
Insertion Loss Factor
Power Spectral Density (PSD) Function

FRF Frequency Response Function
MAC Modal Assurance Criterion
MIF Modal Indicator Function
RSI Ride Severity Index

1. INTRODUCTION

Designing tractor/trailer style trucks that exhibit good ride
characteristics has been a challenge to automotive engineers
for many years. When attempting to improve ride quality, the
response of primary interest is the vibration experienced by
the driver and bunk occupants. The ride environment of the
truck driver is influenced by road roughness, rotating tire/
wheel assemblies, the driveline, and the engine [28]. In this
study, only the ride due to external road surface excitation is
considered.

Previous methods to improve cab-ride quality included
altering the frame bending stiffness, introducing softer
primary suspensions, and improving tire stability and driver
seats [25]. The idea of a cab suspension system was first
employed in heavy truck design more than three decades ago
and consisted of an independent leaf spring assembly placed
at each of the four corners of the cab [26]. Since then, the
design of the cab suspension system has evolved into a

fixed-front pivot combined with a spring/damper rear mount,
and is very common on the road today.

2. FINITE ELEMENT MODEL

Figure 51 illustrates the MSC/NASTRAN finite element model
of the DOE tractor/trailer combination. Currently, the cab,
sleeper, and trailer are modeled as rigid body elements; each
has a concentrated mass element associated with it located
at the center-of-mass, and appropriate rigid element connec-
tions join these point masses to the remainder of the vehicle.
One particular interface is located at the fifth wheel, where the
tractor and trailer connect. The fifth wheel itself is modeled as
a point mass, including the effects of the steel mounting plate
that adds significant stiffness to the tractor frame. At the top
of the fifth wheel is the king pin, which allows relative rotation
in the and directions between the tractor and trailer.
Another interface occurs where linear springs model the cab
and sleeper “hard-mounts” to the truck frame. These mounts
exhibit stiffness in the three translational directions, and are
situated in a 3-point and 4-point configuration, respectively.
The tractor frame and crossmembers are modeled with a
large number of QUAD elements that capture the frame
elastic modes.

A detailed view of the steer axle suspension system is illus-
trated in Fig. 52, where the leaf spring is modeled as a simple
linear spring in the vertical direction, and “very stiff” in the

c

g

k

rms

L f( )
S f( )

Figure 51: MSC/NASTRAN model of the DOE
tractor/trailer combination.

Sleeper

Cab

Trailer

Y

X Z

X Y
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remaining five directions. The leaf spring is rigidly connected
to both the steer axle and the truck frame. A linear tire model
is used here, consisting of two spring elements that represent
the effective stiffness in the vertical and lateral directions.
Note that this is valid because only small displacements are
expected in a modal test. There is no fore/aft stiffness for the
tire because there are no brakes on the steer axle. Lastly, the
axle model is a series of NASTRAN BEAM elements.

Figure 53 contains a detailed view of the Neway AD-246
suspension system used on both the front and rear tractor
drive axles. Each suspension system utilizes a trailing arm,
modeled as a rigid link, an airbag, modeled as a linear spring
in the axial direction only, and anti-roll bar, modeled as a
series of BEAM elements. The AD-246 also contains two
shock absorbers (just in-board of the airbags) that connect
the anti roll-bar to the frame cross-members. These were not
modeled, however, since the experimental modal tests were

performed with them disconnected. The tires (each axle
contains four) are modeled identical to those on the steer
axle, with one exception - an additional spring can be
included to model the combined tire/brake stiffness in the
fore/aft direction. This allows the NASTRAN model to simu-
late the vehicle modal response with and without the brakes
applied. As before, the front and rear axles were modeled as
a series of BEAM elements. The suspension systems on the
trailer also utilize leaf springs, but with a much higher spring
rate. Similarly, modal testing was performed with and without
the brakes on the trailer, leading to a tire model identical to
that on the tractor drive axles.

3. MODAL TESTING

Several modal tests were performed on the vehicle. Tests
were applied with and without the brakes applied, but only the
latter case is discussed herein. Electrodynamic shakers rated
at 100 lb and 250 lb were used to simultaneously excite the
structure. The forces were applied in the vertical direction,
while a total of 101 Endevco 7751 accelerometers monitored
the vibrational response of the system.

A low level, continuous-random force excitation signal was
input to the vehicle through the electrodynamic shakers at
two locations on the vehicle; the 100 lb shaker was located at
the front/passenger side of the tractor, and the larger shaker
was placed at the passenger side of the trailer, halfway back.
The signals sufficiently excited the structure while keeping
the dynamic response within the linear regime about the
static equilibrium. Frequency response functions (FRFs)
between the applied excitation forces and the measured
accelerations were calculated and recorded. Modal frequen-
cies, damping factors, and mode shapes were then estimated
from the recorded FRFs.

The modal survey of the vehicle without the brakes applied
was performed by releasing the applied brakes and rolling the
vehicle forward to overcome any stiction in the wheels and
bearings. Figure 54 shows experimental FRFs for this test

Figure 52: Steer axle suspension model.
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Tire model
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Rigid link
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Figure 53: Drive axle suspension model.
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configuration, and Fig. 55 shows the Mode Indicator Func-
tions (MIFs). Table 2 lists the estimated natural frequencies
from the data analysis, along with a brief description of the
mode shapes. Both the experimental and analytical mode
shapes are displayed in Figs. 56 through 61.

4. TEST/ANALYSIS CORRELATION

In order to obtain good agreement between the finite element
model and modal test results, it was necessary to change the
values of some uncertain parameters in the model. Six of the
parameters that were updated are shown in Table 1. The
original parameter values lead to large errors in the frequen-
cies of the model. In addition, the mode shapes did not
correlate well, as indicated by poor initial MAC values. These
rather large discrepancies can be attributed to a lack of suffi-
cient information to provide estimates for the initial stiffnesses
of the various suspensions and tire/wheel assemblies.

Updated parameter values were obtained using a Sandia in-
house code PESTDY (Parameter Estimation for STructural
DYnamics) and led to the improved MAC and frequency
agreement shown in Table 2 and Figs. 56-61.

Fig.9 MIF, No-Brakes.
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Figure 55: Experimental MIF.
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Parameter Original Updated

Tire vertical stiffness 4568, 11750,

Tire lateral stiffness 1500, 2080,

Tire fore/aft stiffness 2015, 2580,

Tractor leaf spring stiffness 2050, 8340,

Air bag stiffness 2100, 1040,

Trailer leaf spring stiffness 14000, 16350,

Table 1: Parameter changes due to model update.
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Mode
Description

Test/Analysis
Frequency (Hz)

MAC

fore/aft N/A / 0.211 N/A

roll/twist #1 1.09 / 1.08 0.980

roll/twist #2 1.76 / 1.76 N/A

bounce 2.04 / 2.01 0.867

pitch 3.19 / 3.22 0.939

counter pitch 4.16 / 4.12 0.835

bending 5.96 / 6.06 0.830

Table 2: Results of model update.

Figure 56: Roll/twist mode #1, experimental, (a),
and analytical, (b).

a( ) b( )

Figure 57: Roll/twist mode #2, experimental,
(a), and analytical, (b).

a( )

b( )
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A few comments concerning the results of the test/analysis
correlation are in order. Because the correlation was
performed using modal test data, the updated parameters are
associated with small amplitude motions. It is expected that
some stiffnesses, such as those of the leaf springs, would be
reduced in over-the-road environments where stiction effects
are overcome. Efforts are currently underway to obtain stiff-
ness and damping estimates directly from the transient
response of driving the vehicle over a prescribed bump.
Finally, it is noted that there remains some uncertainty in the
absolute values of the tire vertical and suspension stiffnesses
because they act in series.

5. DESIGN FOR RIDE QUALITY

The design of a next-generation DOE tractor is to be
completed in the next few years. This new vehicle will most
likely exhibit significant modifications from the current design.
One such change may be a switch to an integrated cab
configuration, since this provides more room to the occu-
pants. Another might be the addition of a tractor cab
suspension system to improve the vibrational response of the
cab. In this paper, the authors consider the performance of a
cab suspension system that is available on the market today.
In addition, an optimized suspension will also be considered.
This cab suspension system is optimal in the sense that it
provides the maximum protection to the driver from vibration
due to road surface input.

For the purposes of this study, the suspension is modeled as
a simple spring-damper system and is placed into the full
updated finite element model with new integrated cab, as
shown in Fig. 62. Furthermore, the stiffness and damping
constants of this system are used as the design variables in
the optimization problem to be discussed later. Linear springs
in the three translational directions model the cab “hard-
mounts” to the truck frame in the front.

Figure 58: Bounce mode, experimental, (a),
and analytical, (b).

a( )

b( )

Figure 59: Pitch mode, experimental, (a),
and analytical, (b).
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b( )

Figure 60: Counter pitch mode, experimental, (a),
and analytical, (b).
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Figure 61: Frame bending mode, experimental, (a),
and analytical, (b).
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Figure 62: Integrated cab with cab suspension.
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Most road surfaces have irregularities that are best described
as random processes, and many can be accurately repre-
sented under an additional assumption of stationarity [27]. It
is therefore relevant to study the vehicle response due to a
stationary random “rough road” input at several key locations
of the truck.

Frequency response and power spectral density analyses
can be utilized to assess the vibratory response of automotive
vehicles. Below are some results from such a study that simu-
lates the DOE vehicle driving at 55 m.p.h. over a “rough
road”. Some theoretical concepts are presented, and analyt-
ical results using the model are discussed. Special emphasis
is given to the issue of random loading and the cross-spectral
density matrix that simulates the road input to an 18-wheel
vehicle.

To apply this input PSD, knowledge of the cross-spectral
density matrix of input forces is required. Assuming the
vehicle is following a straight, constant speed trajectory, let

and represent the amplitude seen by the left and
right tires, respectively, due to the excitation of the road. For
the studies presented here, it is assumed that the left and
right tires experience the same road surface, but the two are
not perfectly correlated. Define

, (1)

, (2)

, (3)

where is the expectation operator, and are
the autocorrelation functions, and is the crosscorrela-
tion function representing the interaction between the left and
right sides of the vehicle.

The schematic shown in Fig. 63. illustrates the 10 locations in
which the “rough road” will excite the vehicle, assuming the
dual wheel locations at stations 3 through 10 act together.
The complete input power spectra is therefore characterized
by a ten-by-ten matrix, where the elements of this matrix
involve the Fourier transforms of Eqs. (1)-(3). Specifically, the
two-by-two blocks on the diagonal of this matrix are of the
form

, (4)

where is the effective stiffness at the particular station of
interest (i.e., the collective vertical tire stiffness), and ,

, and are the Fourier transforms of Eqs. (1)-(3).
Note that by scaling Eq. (4) by the stiffness terms, the input is
now a force power spectral density.

The remaining terms of involve various degrees of correla-
tion between the different axles. Because the vehicle is at a
constant speed, this can be accomplished by delaying the
input to the tractor front drive axle, as well as those behind it
[30], as illustrated in Fig. 63.

It has been found that terrain roughness can be represented
in the frequency domain by power spectral density functions
of the form

, (5)

where is the spatial frequency, in units of cycles/length,
and and are constants. As discussed in [27], is
typical. Therefore, for a vehicle traveling at a constant speed
of , the power spectral density that describes the input
displacement seen at the road surface can be given by

, (6)

where is now the temporal frequency, in units of cycles/sec.
In addition, plots of vs. are presented in [23], [30] and
[31] for several road surface types. Assuming a “rough road”
terrain, in-cycles.

Figure 64 illustrates , , and vs. frequency,
where plot (a) is directly from Eq. (6) for . To
estimate the correlation of the terrain between the left and
right tire tracks of the vehicle, consider the coherency
function

, (7)
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Figure 63: Input stations for the DOE
tractor/trailer combination.
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Typically, as discussed in [31], the coherency function is near
unity at low frequencies (i.e., high correlation for hills or dips
in the road surface), and much lower at the higher frequen-
cies (i.e., low correlation for cracks in the pavement, potholes,
etc.). Utilizing this assumption, Eq. (7) can be used to deter-
mine  shown in Fig. 64(b).

The cab suspension system, placed between the rear of the
integrated cab and truck frame, can be utilized to improve the
ride quality of the vehicle. The ride severity index (RSI), a
weighted measure of the power of the output spectrum, can
be used to gauge this improvement. Consider the following
relation

, (8)

where is the output power spectral density function
and denotes the frequency band of interest. As
shown, the RSI is a scalar quantity that is simply a weighted
sum of the output PSD. The insertion loss factor, , is a
quantity indicative of the human body’s sensitivity to vibration.
The higher the loss factor, the more sensitive the human is to
the excitation.

For the studies included here, only the vibration at the driver
seat is considered, and the ride severity index is given by

(9)

The terms involving are scaled by an additional factor
of since vibration in the fore/aft direction is
particularly disturbing to humans [24].

The minimization problem to be solved here can be stated as

, subject to , (10)

where , , and refer to the stiffness, damping, and loca-
tion of the cab suspension system, respectively, and the
bounds on the stiffness and damping ensure physically prac-
tical solutions. Because varying the location of the
suspension system requires re-meshing the finite element
model, however, Eq. (10) is solved for a fixed location, . This
location is then varied discreetly along the tractor frame to
provide a qualitative estimate of the optimal location.

The optimization capabilities of MATLAB [29] are utilized to
determine optimal values of the cab suspension system at
various locations along the frame. The results are shown in
Table 3, where is the location of the suspension system,
referenced to the location of truck’s third frame crossmember

(where a typical cab suspension would be located due to
structural considerations). is the typical location of the
suspension, and positive and negative values of are behind
and in front of it, respectively. Note that the optimal spring-
damper values are to be applied at both the passenger- and
driver-side of the vehicle.

Plots illustrating the possible benefits of an optimized cab
suspension are included in Figs. 65 and 66, where it is
evident that changing the design of the cab suspension only
has a significant effect on the response of the cab in the
frequency range of 0 to 6 Hz.

The optimal RSI occurs when the suspension is pushed 24
inches forward of its present location. The vertical response
in Fig. 65 illustrate a drastic reduction in the bounce and pitch
modes when using the optimal cab suspension. In addition,
the vertical mode of the suspension reduces in frequency
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k c z
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Design , , ,

Current cab N/A N/A 20.42

Current sleeper N/A N/A 23.53

 = 0.0 333.4 105.6 11.46

 = -12.0 420.0 125.1 11.07

 = -24.0 287.7 128.0 9.386

 = 12.0 410.5 101.6 11.44

 = 24.0 416.9 95.77 11.35

Table 3: RSI for current design (cols. 1 and 2) vs.
integrated cab with optimal suspension.
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Figure 65: Vertical response at the cab of
existing vehicle and new design.
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from to since, as the location of
the cab suspension moves forward, it is required to carry
more of the cab weight. When considering the fore/aft
response of the cab, shown in Fig. 66, the optimal suspension
again demonstrates reduction in the power of the bounce,
pitch, and counter-pitch modes.

As a general observation, it appears that the RSI will continue
to decrease as the location of the cab suspension is moved
forward. There are physical limits, obviously, since moving
the suspension forward requires that it support a greater
static load due to weight of the cab. Cab stresses are also an
issue and, therefore, the location of the cab suspension
cannot be chosen to minimize the ride severity index alone.

6. CONCLUSIONS

The preliminary dynamic model of the DOE tractor/trailer
combination correlates well with the characteristics seen
during the experimental modal tests. As the model is refined,
it is clear that it will be an integral tool in determining the
design of the next-generation tractor. Any possible benefits to
be gained from the use of available passive cab vibration
suppression methods will be researched. In addition, the
computer model can be used to examine any improvements
utilizing active vibration control techniques.

Possible design modifications to the vehicle, namely the
conversion to an integrated-type cab with a cab suspension
system, have been discussed. With the addition of the inte-
grated cab with nominal cab suspension, a 44% reduction in
ride severity can be achieved over the current cab/sleeper
configuration, which is hard-mounted to the truck frame.
Furthermore, once an optimized cab suspension is utilized,
the RSI can be reduced by an additional 18%. Finally, the
results shown here indicate that the cab suspension system

should be located as far forward as structural considerations
will allow.
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Figure 66: Fore/aft response at the cab of
existing vehicle and new design.
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Analytical and Experimental Assessment of Heavy Truck Ride
ABSTRACT

This study is the second phase in a combined analytical and experimental effo
characterize and improve the ride quality of the Department Of Energy tractor/trailer.
discussion includes a brief overview of the finite element model of the vehicle
experimental road and modal test results. A novel system identification approach is
employing both lab-based modal tests, and modal data derived using the Natural Exc
Technique (NExT), a scheme that utilizes the roadway surface as a natural forcing fun
The use of a cab isolation system is investigated with the computer model for purpos
improving the ride quality of the vehicle. To validate these analytical predictions
engineering prototype vehicle was developed, which included a cab isolation syste
experimentally assess ride quality. Ride quality improvements due to the addition o
isolation system are then assessed both experimentally and analytically, and the resu
compared.

1. INTRODUCTION

The Department of Energy (DOE) is committed to researching ideas for improved h
truck ride, because a smoother ride is less fatiguing to the operators and, hence, s
everyone on the road. Previous work funded by the DOE in this area [34], demonst
that the addition of a cab isolation system may provide considerable ride improveme
DOE’s existing fleet of tractor/trailers.

Designing tractor/trailer style trucks that exhibit good ride characteristics has be
challenge to automotive engineers for decades [38]. Hence, the use of a cab iso
system is not a new concept. Previous methods to improve cab-ride quality have incl
altering the frame bending stiffness, introducing softer primary suspensions, and impr
tire stability and driver seats [35]. The idea of a cab suspension system was first emp
in heavy truck design more than three decades ago and consisted of an independe
spring assembly placed at each of the four corners of the cab [36]. Since then, the des
the typical cab suspension system has evolved into a fixed-front pivot combined w
spring/damper rear mount. It is this configuration that is commonly seen on the road to
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Previous conclusions about the possibilities of ride improvement discussed in [34]
based solely upon a model that was validated with laboratory-based modal tests. Thes
used a very low level of excitation; it was known at the time that the tires and leaf spr
added nonlinear behavior to the overall dynamics of the vehicle and would react
differently when subject to the much larger level of excitation provided by the road surf
Hence, it was expected that the truck would behave much differently when exposed
operational level of excitation. Laboratory modal tests, however, were the only m
available to validate the computer model at the time. Dynamic modes of the vehicle
since been extracted using the Natural Excitation Technique (NExT) [40]; this dyna
state is more representative of the truck’s operational environment. Correlating
computer model to these test results will allow a much more realistic prediction of
vehicle’s ride characteristics.

The purpose of this work is threefold: (1), to illustrate the combined use of labora
modal test results, modes extracted from the operating environment of the vehicle
NExT, and the truck’s PSD response to validate the computer model, (2), to ma
comparison between analytical predictions and experimental measurements of ride q
and (3), to broaden the knowledge base in the areas of vehicle dynamics and proper
techniques.

2. VEHICLE DESCRIPTION

Figure 67 illustrates a schematic of the DOE tractor, including some of the termino
commonly used in the heavy truck community. The driver is located in the cab, and
off-duty personnel lie on the bunk in the sleeper compartment. The vehicle is configur
a separate cab / sleeper arrangement, as compared to an integrated cab / sleeper d

The MSC/NASTRAN finite element model of the DOE tractor is shown in Fig. 68.
standard, two-axle trailer connected to the tractor at the fifth wheel is also modeled, b
shown in the figure. See [34] for a detailed description of the finite element mo
development.

3. EXPERIMENTAL TESTING

In an effort to characterize the ride characteristics of the vehicle, two sets of experim
tests were performed. The first was the typical laboratory-based modal test, indicati
how the vehicle responds to low-level excitation. The second set of tests using NExT,
performed under the truck’s normal operating conditions. The following two sect
provide detailed descriptions of the two tests.

3.1 Modal testing

A low level, continuous-random force excitation signal was input to the vehicle thro
electrodynamic shakers at two locations on the vehicle; a 100 lb shaker was located
front/passenger side of the tractor, and a larger 250 lb shaker was placed at the pas
side of the trailer, halfway back. The signals sufficiently excited the structure while kee
the dynamic response within the linear regime about the static equilibrium. Frequ
response functions (FRFs) between the applied excitation forces and the mea
Page 62
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accelerations were calculated and recorded. Modal frequencies, damping factors, and
shapes were then estimated from the recorded FRFs. Prior to each test, the vehic
rolled forward and back to overcome any stiction in the wheels and bearings. Figu
contains experimental FRFs for this test configuration.

3.2 Natural excitation testing

The tractor was instrumented with thirty one accelerometers, the majority of which w
placed along the passenger side of the vehicle. Five displacement sensors were l
along the passenger side of the vehicle at each of the five axle locations. These s
measured the relative displacement between an axle and the frame directly above it. D
all road testing, the vehicle was driven along Interstate 25 (I-25) south of Albuquerque
constant velocity of 55mph.

The cross spectral densities (CSD’s) of the accelerometers were computed for va
choices of reference accelerometers. A total of 1024 spectral points were used
computation, along with a Hanning window function and overlap processing. Treating
CSD's as transfer functions, the Complex Mode Indicator Function (CMIF) was comp
and is shown in Fig. 70 for several reference accelerometer choices. Here, the l
singular value is plotted along the y-axis, illustrating that there are relatively lig
damped structural modes at frequencies of 2.75 , 3.75 , and 5.50 . There is a
heavily damped structural mode at 1.25 , and a periodic response near 8.0 , wh
related to the tire rotation frequency.

A peak-picking strategy was adopted and applied to the CSD's to determine frequenc
mode shape information. Specifically, it is the magnitude and phase information o
CSD's that lead to the frequency and shape information. To illustrate, consider the mo
3.75 . Clearly from Fig. 70, the CMIF has the largest amplitude at 3.75 w
channel 22 is selected as the reference channel. Thus, at 3.75 , the magnitude an
information of the CSD's associated with channel 22 selected as the reference chan
used to determine the associated mode shape. This process is repeated with a d
reference channel to obtain the magnitude and phase information related to the
frequencies. The magnitude gives the nodal amplitudes, and the phase is used to det
the sign of the amplitude: if the amplitude is near 0 then the amplitude is taken as pos
if the amplitude is near , then the amplitude is taken as negative. A judgemen
must be made for phase angles that significantly deviate from either of these extrem

4. TEST/ANALYSIS CORRELATION

Before the computer model can be utilized to predict ride characteristics, correl
between measured test data and predicted analysis data is required. Comparing the
predictions to laboratory-based modal test results is the usual procedure, but this pro
be inadequate due to a number of nonlinear elements evident in the vehicle. One
element, the leaf spring suspension assembly located at the steer axle and trailer a
known to exhibit hysteretic behavior. In addition, a typical tire produces less spring
when rotating than when motionless [39]. As a result, correlating the model to labora
based modal test results alone is not an acceptable approach due to the presence
and other nonlinear qualities. Furthermore, using NExT test data as the only informati

Hz Hz Hz
Hz Hz

Hz Hz
Hz

°
180°±
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verify the computer model is not a viable alternative. Cross-spectra were measured be
different locations on the vehicle using the road surface as the input. The unknowns
computer model cannot be determined, however, because these data sets do
sufficient information. The solution is to treat the vehicle as a quasi-linear system, beha
linearly in one regime under laboratory-level excitation, and linearly in a second reg
under normal operating levels of excitation.

The computer model, correlated to the modal test results, is used as a starting point. H
it is assumed that only those parameters behaving in a highly nonlinear manner will de
from how they behave during laboratory modal tests. As a result, the NExT procedu
used tocomplementthe modal tests, providing sufficient information to validate the mod
so it can predict responses due to natural operating conditions.

4.1 Correlating to modal tests

In order to obtain good agreement between the finite element model and modal test re
it was necessary to adjust the values of some uncertain parameters in the model.
included stiffnesses of the tires, airsprings, and leaf spring assemblies.

Updated parameter values were obtained using a Sandia in-house code PESTD
(Parameter Estimation for STructural DYnamics). Refer to [34] for a more deta
discussion of this procedure. The corresponding modal assurance criteria (MACs
frequency agreement are shown in Table 1. Because the correlation was performed
modal test data, the updated parameters are associated with small amplitude motion
expected that some stiffnesses, such as those of the leaf springs, would be reduced i
the-road environments where stiction effects are overcome.

4.2 Correlating to natural excitation tests

Because the NExT method also provides modal frequency, damping, and s
information, the techniques discussed in §4.1 can be employed to the road data. How
and as noted above, neither the laboratory or road test data can be used alone to upd
model. Therefore, using the model correlated to the modal test as a starting point, c
parameters were adjusted until the entire model matched the NExT results. Those ele
in the model suspected of highly nonlinear behavior (i.e., tire and leaf spring stiffnesses
were the only parameters changed in the effort to correlate to NExT results.

Mode Description Test/Analysis
Frequency (Hz)

Measured
damping (%)

MAC

bounce 2.04 / 2.01 3.36 0.867

tractor pitch 3.19 / 3.22 2.91 0.939

counter pitch 4.16 / 4.12 1.15 0.835

frame bending 5.96 / 6.06 2.10 0.830

Table 1: Results of model / modal test reconciliation.
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Table 2 illustrates the results of the model / NExT test reconciliation effort. Note that t
is a large discrepancy in the modal frequency of the bounce mode. As illustrated by Fi
the bounce mode was not sufficiently excited by the road surface, thereby makin
extraction of the modal frequency, damping, and shape not a well defined task. The
of excitation is directly related to the vehicle’s speed. Therefore, future road tests w
conducted at different speeds to ensure that all dynamic modes are sufficiently excite
all the tests discussed here, the vehicle was operated at 55mph; little effort went into
correlating the computer model to the test results for the bounce mode for this reaso

The test and analytical mode shapes characterizing the vehicle under operating
excitation are included in Figs. 71-74. An interesting concept to notice is how the m
parameters change when correlating to modal or NExT tests. As illustrated by Table
leaf springs on both the tractor and trailer are much stiffer when subject to the low-
excitation of a modal test. When the level of excitation increases, however, the leave
sliding with respect to one another, and the stiffness of the entire assembly decreas
addition, the slight decrease in the vertical tire stiffness shown in Table 2 is expe
because a rotating tire is slightly less stiff than a stationary one [39].

5. ENGINEERING PROTOTYPE VEHICLE

For experimental ride quality studies, an engineering prototype vehicle was establish
modifying one tractor in the current DOE fleet. A drawing of the prototype is included
Fig. 75. As illustrated in Fig. 76, a sub-frame assembly was added beneath the ca

Mode Description Test/Analysis
Frequency (Hz)

Measured
damping (%)

MAC

bounce 1.25 / 1.98 26.0 0.661

tractor pitch 2.75 / 2.75 9.1 0.934

counter pitch 3.75 / 3.75 3.5 0.986

frame bending 5.50 / 5.50 3.1 0.783

Table 2: Results of model / NExT test reconciliation.

Parameter Correlated to
modal tests ( )

Correlated to
NExT tests ( )

Tire vertical stiffness 6342 6131

Tire lateral stiffness 1988 1982

Tractor leaf spring stiffness 27320 8063

Air bag stiffness 1141 1124

Trailer leaf spring stiffness 47190 23900

Table 3: Parameter changes due to model update.
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sleeper. This approximates an integrated cab configuration, because the sub-frame
cab and sleeper together; they behave as a single unit on top of the vehicle’s main f

The Cab-mate™ cab isolation system, provided by Link Manufacturing, Inc., is also sh
in Fig. 76. The objective of this system is to isolate the cab occupants as much as po
from vibrations due to road surface roughness. Typically, a reduction in
vibrational response of the cab has been observed. To help determine how vital the lo
of this system is, the sub-frame was assembled so as to allow the fore/aft position
Cab-mate™ to vary between the aft end of the sub-frame and 33 inches forward.
vehicle was then used for all ride quality studies that follow. Specifically, the r
characteristics of three configurations were assessed: (1),nominal(cab is hard mounted to
the frame), (2),isolation #1(cab isolation system is installed at the rear of the sleeper),
(3), isolation #2(cab isolation system is installed 33 inches forward of the rear of
sleeper).

Because it is this prototype vehicle that is to be used for all ride quality studies, approp
changes were made to the finite element model to accurately represent all
configurations of this prototype vehicle. Analytical predictions of the dynamic mode
the prototype (isolation #1configuration) under operational-level excitation are shown
Figs. 78-81. A summary of the modal frequencies is shown in Table 4.

6. RIDE QUALITY ASSESSMENT

The ride severity index (RSI), a weighted measure of the power of the output spectrum
introduced in [34] and can be used to gauge the ride quality of the vehicle. Conside
following relation

, (EQ 24)

where is the output power spectral density function and denotes
frequency band of interest. Note that the RSI is a scalar quantity that is simply a weig
sum of the output PSD. The insertion loss factor, , is a quantity indicative of the hu
body’s sensitivity to vibration and is applied as a filter to the output response. The hi
the loss factor, the more sensitive the human is to the excitation [33].

2 dB

Mode description Iso #1 analysis
frequency

Iso #2 analysis
frequency

cab pitch 1.90 1.80

bounce 2.55 2.30

tractor pitch 3.04 2.89

counter-pitch 3.77 3.75

frame bending 6.29 6.28

Table 4: Predictions of the prototype vehicle’s over-the-road response.
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6.1 Experimental results

Three different tests were conducted, and within each test, eight different runs
performed. In the odd numbered runs of each test, data was collected as the vehicle tr
southbound along I-25, from mile marker 175 to 141. In the even numbered runs, dat
collected as the vehicle traveled northbound along I-25, from mile marker 141 to 17
each run of a particular test, time series ensembles of the sensor signals were avera
obtain auto and cross correlation functions. The auto correlation functions were then
to compute power spectral densities (PSD's), from which a measure of the ride qua
the driver seat and bunk were determined.

6.2 Analytical results

To assess the ride characteristics of the prototype vehicle, the procedure discussed
was employed here. The mass, damping, and stiffness matrices representing the v
from the finite element model were imported into the MATLAB environment. Trans
functions representing the output accelerations at the driver seat and bunk due to
excitation from the road surface at the axles were then computed.

An analytical model of the frequency spectrum of the road surface at a constant spee
given by

, (EQ 25)

was then applied to recover PSD responses at the output locations of interest [37,41].
was some discrepancy in the literature, however, about the value of the scale factor,
a paved road surface. In addition, the amount of correlation between the excitation
left and right tracks of the vehicle was also an unknown quantity. This must be determ
because it dictates how much asymmetrical behavior will occur while the vehicle
operation. In short, model validation can be inexact when the form of the input is unkn
Therefore, part of the reconciliation effort went into identifying the form of the road surf
input so that it matched the measured road surface of I-25.

The ride severity was calculated both experimentally and analytically, for the three ve
configurations. The results are tabulated in Tables 5-7. Experimentally, it is evident tha
ride quality at the driver seat has improved by approximately 20% due to the additio
the cab isolation system, but remains unchanged at the bunk. Furthermore, the loca
the isolation system does not affect the experimental measurements. Similar resu

vo

Φ f( )
voc

2πf( )2
----------------=

c

RSI at driver seat RSI at bunk

Analytical 57.69 49.73

Experimental 59.32 50.99

Table 5: Ride quality for nominal configuration.
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Page 67



October 29, 1997

ward.
ment

sured
ncies

n Fig.
e test.

uspect,
d, all

duced
s. As

,
lation
the

lation
stem
sultant
5
. The

n of
quite

s. As
so,

truck
predicted by the computer model only when the isolation system has been moved for
While the isolation system is positioned at the rear of the integrated cab, no improve
in ride is predicted.

Figures. 82 and 83 illustrate the vertical PSD response at the driver seat from the mea
test results and analytical predictions, respectively. There are several discrepa
between the experimental results shown in Fig. 82 and the analytical results shown i
83. First, the predicted bounce mode occurs at a higher frequency than measured in th
As discussed above, this is because the test results for this mode were somewhat s
due to insufficient excitation of the bounce mode for accurate measurement. Secon
predicted dynamic modes increased in frequency when the isolation system was intro
(see Table 4). This was not the case, however, for the experimental test result
illustrated in Fig. 82, the cab isolation system reduces the tractor pitch mode at 2.75
but leaves the other modes unaffected, implying that the response of the cab iso
system is uncoupled from the dynamics of the rest of the vehicle. In addition,
experimental frequencies appear independent of the physical location of the iso
system. In the model, the modes near 2 shift down in frequency as the isolation sy
is moved forward; this makes sense because as the system moves forward, the re
load on the isolation system increases. Third, the experimental results reveal a
reduction in the amplitude of the tractor pitch mode due to the cab isolation system
analytical model, however, only predicts a 3  reduction.

7. CONCLUSIONS

A computer model of the DOE tractor/trailer has been validated using a combinatio
modal and road test data. Experimental results from each test were shown to be
different due to the high degree of nonlinearity present in the dynamics of heavy truck
a result, model reconciliation efforts proved to be anything but straightforward. Even
the computer model proved invaluable in explaining many complex features of heavy
dynamics.

RSI at driver seat RSI at bunk

Analytical 57.49 55.26

Experimental 50.05 48.30

Table 6: Ride quality for Iso #1 configuration.

mgrms) mgrms)

RSI at driver seat RSI at bunk

Analytical 51.18 49.01

Experimental 50.50 47.86

Table 7: Ride quality for Iso #2 configuration.

mgrms) mgrms)
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Hz

dB
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Ride quality has been measured both experimentally and analytically, with and withou
use of a cab isolation system. When considering ride quality, the pitch mode at 2.75
the only major contributor, as evidenced by the magnitude of the PSD response in Fi
The analytical model does a good job of predicting the over-the-road response of this m
leading to an adequate prediction of ride quality. However, while the computer m
predicts an overall ride severity index comparable to what was experimentally meas
it has limitations when predicting the overall PSD response. This can be attribute
uncertainty in the road input, inadequate excitation of the bounce mode during road te
and the presence of nonlinearities in the vehicle response.

As a general observation, the work presented here makes a strong argument about th
for operational testing. Without it, the only means of verifying a computer model would
the laboratory-based modal tests. The level of disparity shown here between respons
to low- and high-level excitations makes this approach to model validation cle
inadequate. Moreover, this observation should not be confined to the study of heavy
dynamics. Automobiles, rockets, missiles,etc. are subject to the same degree
nonlinearity; this should be addressed in the modeling effort of these systems as we
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Figure 67: The Department of Energy tractor.

Faring

Sleeper

Cab
Fifth wheel

Steer axle
Front drive axle

Rear drive axle

X

Y

ZX

Y

Z

Figure 68: MSC/NASTRAN model of the DOE tractor.
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Figure 70: Experimental complex mode indicator function
from natural excitation tests.
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Figure 71: Bounce mode, experimental, (a), and analytical, (b).

a( )
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Figure 72: Tractor pitch mode, experimental, (a), and analytical, (b).
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Figure 73: Counter-pitch mode, experimental, (a), and analytical, (b).
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Figure 74: Frame bending mode, experimental, (a), and analytical, (b).
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Figure 75: The engineering prototype.

Figure 76: The cab sub-frame and isolation system.
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Figure 77: Predicted cab pitch  mode of prototype vehicle.

Figure 78: Predicted bounce  mode of prototype vehicle.

Figure 79: Predicted tractor pitch mode of prototype vehicle.

Figure 80: Predicted counter-pitch  mode of prototype vehicle.
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Figure 81: Predicted frame bending  mode of prototype vehicle.
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Figure 82: Measured PSD response at driver seat.
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Figure 83: Predicted PSD response at driver seat.
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Analytical assessment of proposed four-point cab isolation system
1. Summary

During the past two years, Sandia has constructed finite element computer models c
of predicting ride characteristics of tractor/trailer vehicles [42-45]. This information
proved invaluable in the design process for the next-generation fleet of DOE vehicles
constructed in the following years. Link Manufacturing, Ltd., has asked Sandia to per
a similar ride assessment study to help examine the potential of their four-point
isolation system for improved truck ride. The preliminary work presented here illustr
that the proposed design for a four-point isolation system will not improve the ride qu
of the vehicle. Recommendations based on analysis are made, however, that ma
improve the design.

2. Finite Element Model

The finite element model of Link’s tractor, coupled with a typical trailer, is shown in F
84. The only differences between this model and previous DOE models are the

Figure 84: MSC/NASTRAN model of tractor/trailer.
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properties of the integrated cab and the isolation systems used to mount the cab
vehicle frame. These differences are listed in Table 1. Individuals interested in the d
of the development of the model are referred to [44].

Spring rates for the front and rear mounts were determined through a combination o
supplied by Link, Firestone Industrial Products (the airspring manufacturer),
engineering judgement. To determine the stiffness value, apply

, (EQ 26)

where and are the absolute pressure and volume of air in the airsprin
equilibrium, and are the cross-sectional areas of the spring during compressio
extension, respectively, and and represent the volume of air in the airspring d
compression and extension, respectively [46].

The damping characteristics of the mounts were deduced through judgement a
Assume a damped sinusoidal response

, (EQ 27)

where is the critical damping ratio, is the natural frequency of oscillation inrad/sec,
and is the time at which the system response is “damped out”. Typical isolation sys
appear to damp out after 3 oscillatory cycles, so let . Assuming “damped
to mean when the response reaches 1/10th of its starting value, solve for the dampin

. (EQ 28)

Before proceeding into the ride assessment section, it is important to investigate the
response of the vehicle, since the over-the-road response is a linear combination
modes. As shown in Table 2, the vehicle with a hard-mounted cab exhibits
fundamental low-frequency modes: (1) thevehicle bounce modewhere the entire truck
bounces together on the tires and suspensions, (2) thetractor pitch modewhere the tractor
pitches about the fifth wheel (the trailer is motionless) and bounces on the steer axl
the counter-pitch modewhere the tractor and trailer are both bouncing on the tires a
suspensions, but out of phase with one another, and (4) theframe bending modewhere the
cab oscillates on top of a bending frame. When the hard cab mounts are replaced w
isolation systems, new modes are introduced (one for the 2-point system and two fo

cab mass stiffness damping stiffness damping

2850lbs 306.4lb/in 12.2 % 516.4lb/in 12.2 %

Table 1: Cab mass and isolation system parameters used.
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four-point system) where the governing motion is the cab bouncing or pitching on to
the frame. Note that in general, when these cab modes are added, the othe
fundamental modes are shifted slightly in frequency.

3. Ride Assessment

It has been shown both analytically and experimentally in [45] that the use of a cab isol
system at the rear of the cab can provide improvement in ride quality. Therefore
completeness, a simulation of the Link vehicle with only the rear isolation system inst
was also completed. In addition, the vehicle with no isolation effects whatsoever was
considered. All in all, three vehicle configurations were investigated: (a) hard (stiff) mo
at both the front and rear of the cab, (b) soft mounts at the rear and hard mounts at the
and (c) soft mounts at both the front and rear. Ride assessment studies were perform
the Link vehicle using the MATLAB software package. In all cases, modal reduc
techniques were applied to the full model to make it manageable in MATLAB.

Frequency response functions (FRFs), quantities illustrating the input/ou
characteristics of a system, were then computed. For purposes of the vehicle simula
the inputs are located at each of the tires and the outputs are the driver seat and bu
order to present the data in a meaningful way for purposes of ride quality studies
vehicle’s velocity was figured into the calculations; the FRFs due to each input
weighted by a phase quantity and then summed together to form a composite FRF
example, the response due to input at the drive axle cannot be simply added to the re
due to input at the steer axle because the velocity of the moving truck causes the inp
be out of phase with one another. In fact, they are out of phase by , the time it take
the two axles to cross over the same point on the road surface. Composite FRFs illus
the vertical acceleration response at the driver seat are shown in Fig. 85. It is eviden
while the 2-point system (isolation at the rear only) appears to reduce the vibration le
the driver seat, this four-point system actually amplifies it.

This is further illustrated in Fig. 86 where the power spectral density (PSD) response
driver seat is plotted. This result is even more representative of the road environ

Mode Hard mounts (Hz) 2-point system (Hz) 4-point system (Hz)

Vehicle bounce 2.01 1.96 1.96

Cab pitch #1 n/a 2.66 2.85

Tractor pitch 2.93 3.15 2.61

Counter-pitch 3.75 3.77 3.77

Cab pitch #2 n/a n/a 4.31

Frame bending 5.88 6.31 6.36

Table 2: Modal frequencies of the Link vehicle.

∆t
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because the actual road surface is now included in the calculations. Specifically, the
response is calculated as

, (EQ 29)

where is the output PSD shown in Fig. 86, is the FRF matrix representin
input locations, is the input PSD matrix of the road surface, and den
complex conjugate transpose. The derivation of is tedious and discussed in de
[43], but can be generally characterized as [47]

, (EQ 30)

for a vehicle traveling at a constant velocity .

From the work contained in [42-45], a metric was derived to give an overall measure o
quality. This metric has been termed the ride severity index (RSI) and is given by

, (EQ 31)
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Figure 85: Composite FRF at driver seat, vertical direction.
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where denotes the frequency band of interest and the insertion loss fa
, is a quantity indicative of the human body’s sensitivity to vibration. The higher

loss factor, the more sensitive the human is to the excitation [48]. Listed in Table 3 ar
RSI values for each of the three configurations. This data illustrates that the ride
improved about 12% with the introduction of the rear cab isolation system, but reite
the fact that the ride is worse when the four-point system is introduced.

During the course of the analysis, it was apparent that the peaks of the output PSD ch
dramatically with changing stiffness and damping of the isolation systems. This is exp
because these peaks represent contributions from each of the modes of Table 2
general rule, softer airsprings will drive the cab isolation modes down in frequency, w
stiffer ones will drive them up in frequency. In addition, the closer these new modes a
the four fundamental modes, the more they alter the fundamental response. Specific
a mode is placed between (in frequency) two of the fundamental modes, it will caus
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Figure 86: PSD at driver seat, vertical direction.

f f 1 f 2[ , ]∈
L f( )

Hard mount 2-point system 4-point system

52.3mg rms 50.7mg rms 84.1mg rms

Table 3: Ride severity indices (RSI) for Link vehicle.
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lower fundamental mode to drop in frequency and the higher fundamental mode to ra
frequency.

When considering ride quality, it is important to keep as much of the system’s energ
of the frequency range where vibration is most irritating to the human body (betweenHz
and 8Hz - see [48]). Unfortunately, the dynamics of most heavy trucks are such that
fundamental vehicle modes occur right in the middle of this. In addition, the characteri
of the cab isolation systems studied here were such that additional modes were intro
into this same frequency range. One possible solution to improve the performance
four-point system is to make the suspension as soft as possible, leaving the
fundamental vehicle modes unchanged. In addition, the modes introduced will no
energy into the system in that same frequency band. If soft enough, the isolation syste
truly isolate the cab - all higher-frequency response will be isolated. While it may
possible to set the stiffness of the cab suspensions so that the cab modes lie betwe
fundamental vehicle modesand the ride is improved, this is not recommended becaus
is very vehicle-specific; the designer would need accuratea priori knowledge of where
these fundamental modes are in frequency - a luxury he may not have.

4. Conclusions and Recommendations

A finite element computer model of the Link tractor/trailer has been constructed and
to predict the potential changes in ride quality due to the addition of cab isolation syst
It has been shown that about 15% improvement in ride quality can be expected whe
hard mounts are replaced with a rear isolation system. Adding the proposed iso
system to the front, however, degrades the ride of the vehicle. Although it may be pos
to choose a suspension design that will improve the ride, this is vehicle-specific
therefore will not be robust to manufacturing uncertainty, choice of vehicle suspen
systems, cargo weight, etc. To avoid this, the analyst recommends the designers l
make the four-point suspension system as soft as possible to let it behave as a true is
system.
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